Masting -the synchronous production of large fruit crops of conspecific trees among years -is a life history strategy in SE Asian tree species. While the reproductive biology of masting is relatively well described, the demographic consequences of masting are poorly understood. Theoretically, irregular production of seeds (masting) is less advantageous than annual fruiting for population growth, even if seed production is proportional to fruiting interval. This is related to the mortality risk between fruiting events, which needs to be compensated by a disproportional increase in seed production in order to maintain the same population growth. To assess the demographic costs of masting for Scaphium macropodum displaying masting behavior, population dynamics of this species in a tropical rain forest in West Kalimantan, Indonesia was studied using a stochastic matrix model. Our stochastic matrix model analyses of different fruiting frequencies revealed a long-term population growth rate of 1.002 for a situation in which fruiting occurs every 16 years. The average masting frequency in the region is higher than this frequency, and we therefore expect populations of our study species to be sustained. Stochastic elasticity analysis suggested that population growth rate was rather insensitive to the level and/or frequency of seed production while it was highly sensitive to adult survival. Stochastic population growth rates were barely reduced when fruiting intervals were prolonged and a proportional increase in seed output was simulated. Hence, if irregular reproduction is combined with increased seed output during fruiting events, the demographic costs of masting may be fully compensated.
INTRODUCTION
Masting occurs in trees in SE Asian tropical forests (Appanah 1993 , Chan and Appanah 1980 , Yasuda et al. 1999 , Numata et al. 2003 as well as those in other biomes (Sork 1993 . Several hypotheses concerning the adaptive significance of masting have been proposed in ecological and evolutionar y studies (Herrera et al. 1998 , Kelly 1994 , Norton and Kelly 1988 .
Scientists suggested that masting reduces the impact of seed predators (frugivorous mammals) on seed survival by keeping their populations low during periods between mast years (Cur ran and Webb 2000, Janzen 1974 , Silvertown 1980 . This idea is often called the predator satiation hypothesis , . The hypothesis has been supported by field observations for many plant species (Crawley and Long 1995 , Kelly and Sullivan 1997 , Koenig et al. 1994 , Shibata et al. 1998 , Shibata et al. 2002 , Sork 1993 .
Another hypothesis explaining the evolution of masting behavior is pollination efficiency hypothesis , (Smith et al. 1990 ). According to the hypothesis, masting enhances crossbreeding among trees and dispropor tionately increases fertilization and seed set (Smith et al. 1990) .
This hypothesis has explained mainly masting in windpollinated species (Allison 1990 , Kelly et al. 2001 , Kon et al. 2005 . Since most of trees in SE Asian tropical forests are pollinated by animals (Appanah and Chan 1981 , Bawa 1998 , Momose et al. 1998 , the application of this hypothesis to the tropical forest trees has been limited.
However on the other hand, there was a report showing the attraction of reproductive synchrony for pollinators and increased pollination success for a neotropical shrub species (Augspurger 1981) . Finally, Inoue (1997) successfully expanded this hypothesis to tropical forest trees by introducing the idea that mass flowering increases pollinator activity through immigration and population growth and enhances crossbreeding among trees. This is called as promotion of pollination hypothesis , (Sakai 2002) .
The adaptive significance of masting has been focused on by many scientists as stated above. However inevitably, the irregular production of seeds (masting) induces demographic costs to masting tree species (Visser et al. 2011) . First, let us assume that the number of seeds produced by a tree in one masting event equal to the amount that a tree would produce when fruiting every
year and independent of the length of the masting interval (non-fruiting years). This idea may be supported by the finding that a dipter ocarp species used cur r ent photosynthates as a carbon sour ce during fr uit development (Ichie et al. 2005) . In this case, masting reduces total amount of seeds produced during the life time of a tree, becaus e it reduces life time fr uiting opportunities. Thus, long masting inter vals may cause population shrinkage, a strong demographic cost.
Perhaps the assumption of equal fr uit production irrespective of the masting interval is not realistic, and t h e s e e d p r o d u c t i o n d u r i n g a m a s t i n g e v e n t i s proportional to the length of masting interval (Isagi et al. 1997) . Trees could accomplish this by storing reserves for future masting events. It was suggested that North American deciduous oaks displaying masting behavior must store resources during some years to produce a mast crop (Soak et al. 1993) . But also in that case, masting is less advantage compared to annual fruiting, as mature trees r un the risk of dying before the next masting event. Clearly, this risk increases with increasing masting interval. Why do some tree species have masting strategy though they inevitably take the risk? What extent does the masting entail the risk?
Due to the difficulty of observing a sporadic masting event in tropical trees, there is a scarcity of information of masting, and this limits our understanding of the demographic consequences of masting. In this study we monitored growth, mor tality, and recr uitment of Scaphium macropodum Miq. Beumee ex Heyne, a tropical emergent tree having masting behavior. We were fortunate to encounter a masting of this species in 1993 and could monitor seed production and seedling fate during the following years. With these data, we describe the population dynamics of this species using transition matrix model (Caswell 2001) . Especially, we discuss to what extent ir r egul ar fr uiting (masting) entails demographic cost (risk) for the population compared to annual fruiting by answering the following two questions.
(1) How sensitive is population growth rate ( ) to masting interval under the assumption that seed output is proportional to the masting interval? (2) Which vital rates are the most impor tant to sustain populations of this masting species, given the temporal stochasticity in fr uiting? To answer these questions, we calculate stochastic (Caswell 2001) for dif ferent masting intervals and different levels of seed production. We also conduct stochastic elasticity analysis (Tuljapurkar et al. 2003 ).
MATERIALS AND METHODS

Study site and species
The study was performed in a tropical rain forest on Mt.
Berui, West Kalimantan, Indonesia. The location of the forest is 0˚45 , N and 110˚6 , E. The forest is situated on undulating hilly lands ranging in elevation from ca. 200 to 600 m above sea level (asl), and covers an area of ca.
1,100 ha. The average annual rainfall is 4,265 mm at Serimbu, the nearest village from Mt. Berui (50 m asl and about 2.5 km north of the forest) and the average monthly rainfall never falls below 250 mm. Further details of the forests such as vegetation, soil, and topography were described in Suzuki (1996, 1997) and Kohyama et al. (2003) .
Scaphium macropodum is a common emergent tree of the tropical rain forests of Malaya, Indochina, Sumatra, and Borneo (Kochummen 1972) . It is a shade-tolerant species whose saplings can be found under the closed canopies (Yamada and Suzuki 1997) . Trees lower than ca.
12 m in height have no branches and put their leaves on the terminal of the monoaxial stem (Yamada and Suzuki 1996) . Their monoaxial growth habit allows us to measure stem height accurately. The tree produces wind-dispersed fruits with a boat-shaped wing that is derived from a dehiscing follicle. All fruits are one-seeded. The seeds of S. macropodum do not have dormancy and germinate soon after dispersal. The average length of the wings and fresh mass of the seeds were 16.6 cm (n = 13, sd = l.9) and 2.21 g (n = 13, sd = 0.53), respectively (Yamada and Suzuki 1997) . The seed is ellipsoid and the length of major axis was 2.64 cm (n = 13, sd = 0.14). The seeds are eaten by monkeys (Kochummen 1972) .
Field methods
Two permanent plots of 1 ha (100 m 100 m), S-1 and S-2, were established on a gentle ridge running east-west at about 250 m asl. The plots were about 500 m apart . All trees larger than 4.8 cm in dbh (diameter at the breast height) were identified, tagged, mapped and measured by dbh in September 1992. They were measured again by dbh in October 1995. The tallest trees in S-1 and S-2 attained heights of 70 m and 60 m, respectively. The total BA (basal area) was 44.7 m 2 ha -1 in S-1 and 42.6 m 2 ha -1 in S-2. Scaphium macropodum occupied 1.18% of total BA in S-1 and 0.64% in S-2. 285 and 325 tree species were recorded in S-1 and S-2, respectively. The plots were dominated by dipterocarp trees: Dryobalanops beccarii Dyer and many Shorea species were the most dominant species. The tall trees such genera as Scaphium, Gironniera, etc., made up the emergent layer with the dipterocarp trees. A large number of species belonging to Euphorbiaceae, Meliaceae, and many other families formed the main continuous canopy.
We mapped all S. macropodum trees ≤ 4.8 cm in dbh and measured their heights in S-1 and S-2 in September 1992. The spatial distribution of this species in the plots has been repor ted in Yamada and Suzuki (1997) . We measured again their tree height in October 1995. In August 1993, S. macropodum in the forest fruited. Many dipterocarp trees such as D. beccarii and non-dipterocarp tree such as Elateriospermum tapos Blume also took part in this masting event (Simbolon et al. 2000) . During our research period from 1992 to 1995, no Scaphium tree in the plots fruited in the other years. Scaphium trees in Sarawak flowered only in the general flowering period (Sakai et al. 1999) . In 1993, we laid out a belt-transect of 4 m 100 m in S-2 to measure the distribution of fallen fruits and dynamics of seedlings (Yamada and Suzuki 1997) . The belt transect included one fr uiting S. macropodum individual of 48.1 cm dbh. There was another fruiting tree outside the belt transect, but it produced few fruits. All fruits in the belt-transect seemed to be dispersed from this tree and they were labeled with plastic number tapes and mapped on 30 August 1993 when all fruits on the tree had been dispersed. Position of the belt transect as well as mature S. macropodum trees in the plots are shown in Yamada and Suzuki (1997) .
Seeds germinated soon after dispersal (Yamada and
Suzuki 1997) and no seeds were found at the next census in September 1993. Height of all seedlings was measured on October 10, 1994, and October 7, 1995.
Vital rates of Scaphium macropodum
G r o w t h , m o r t a l i t y a n d f e c u n d i t y o f S c a p h i u m
macropodum were analyzed separately for 15 life historical stages (Table 1) . Since sample size of Scaphium macropodum in Mt Berui was not enough large to analyze vital rates, we additionally used data acquired from the Pasoh Forest Reserve (mortality) and the Lambir Hills National Park (growth rate), Malaysia. These forests are typical dipterocarp forests without severe disturbance histor y with similar forest physiognomy to each other.
The dif ference in mor tality rate of S. macropodum between the Lambir forest (0.991% y r-1 ) and the Pasoh forest (0.990% yr -1 ) was small and not significant (Fisher's exact test for count data, P = 0.90), suggesting that this vital rate is similar in both sites. Sheil et al. (1995) . Annual mortality rates for size classes of seeds and seedlings were calculated based on the data of the belt-transect census from 1993 to 1995. Annual mortality rates for sapling-1, sapling-2 and pole-1 were based on the census data from 1992 to 1995 of the two, 1-ha plots. Mortality for trees larger than 5 cm in dbh (≥ pole-2) was very rare and only one tree in the plots died during our study period. We therefore obtained annual mortality rates of this species (>5 cm in dbh) from the 50ha plot data in the Pasoh Forest Reserve, Malaysia for the period 1985-1995 (n = 370). We assumed a constant mortality rate among trees larger than 5 cm in dbh. The obtained mortality rate was c. 1% yr -1 , which is almost identical to those for congeneric species, Scaphium borneense in the Lambir Hills National Park (Yamada et al. 2007) .
We calculated height growth rate for size classes ≤ pole-1, and calculated dbh growth rate for size classes >pole-1. Annual growth was determined for every tree as the slope of a linear regression of two measurement of height or dbh against time. The annual height growth rates were calculated for seedling based on data of the belt transect census, and those for the sapling-1, sapling-2 and pole-1 were calculated based on the plots census data.
In order to increase sample size for the analysis of annual dbh growth, we added dbh growth data of 22 additional trees (1992-1997) from the 52-plot in Lambir Hills National Park, Sarawak. The size-dependent growth pattern and variation of these two datasets were visually comparable.
The number of seeds produced by a mature tree was estimated based on the data of the belt-transect. Seed density (m -2 ; Y) were well fitted by an exponential function of the distance from the mother tree (m; X) (R 2 = 0.97):
The volume of the cone that is produced when rotating the equation (1) around the Y-axis represents the total number of seeds produced by the tree. We calculated this volume to estimate total seed production by this tree.
Since the equation (1) was fitted for X<52 m, it cannot be applied for X>52 m. Therefore, we assumed that all seeds dispersed at <52 m from the fruiting tree. Our estimate is that a total of 4,860 seeds was produced by the fruiting tree during the 1993 masting event. In 1993, we observed 19 fruiting S. macropodum trees in Mt. Berui and this tree was seemed to have a medium crop among them.
Parameterization of matrix models
Life historical stage classified projection matrices were used to project the size and structure of populations in time (Caswell 2001) . Matrix models have the basic form
where A is a square matrix with transitions among size classes during one time step (= 1
year in this study), and n is the population vector containing densities of individuals in life historical stages.
The dominant eigenvalue ( ) of matrix A is equivalent to the population growth rate (hereafter referred to as deterministic ). The stable population structure is the right eigenvector (hereafter referred to as deterministic size structure). We measured the distance between the deterministic size structure generated by the matrix and observed size structure by Keyfitz , s (Caswell 2001) to see the similarity between the matrix generated stable population structure and obser ved one in the plots in 1992. Note that size structures did not included a seed categor y, as seeds germinate within one year (Caswell 2001) . In our matrix model, elements a ij of transition matrix 
1991)
:
where N is the population size (the sum of the population vector). These instantaneous estimates can then be averaged over a long time inter val (in this study, T = 100,000 years and discarded the first 1000 years; Silva et al. 1991 ) using:
Hereafter, the s is referred to as stochastic .
Longer time interval between fruiting events (p) may increase seed production in a fruiting event, as it allows trees to accumulate reserves for longer time. To take this effect into consideration, we calculated log s with seven levels of seed production (m): 4, 2, 1, 1/2, 1/4, 1/8 and 1/16 times the observed fecundity.
To quantify the importance of each matrix element to stochastic ( s ), we conducted elasticity analysis.
Elasticity analysis considers the impact of a proportional change in a matrix element on proportional change in (de Kroon et al. 1986 ). We per formed numerically per turbation analysis for matrix elements to obtain elasticity values of each matrix element as follows (Caswell 2001 , Tuljapurkar et al. 2003 , Zuidema et al. 2010 ). First we numerically calculated s again by increasing a ij by 1%. Then we calculated stochastic elasticity as,
in which s is the change in s resulting from the 1% increase in a ij . The stochastic elasticity values may change with change in p and m. So we calculated the stochastic elasticity values for models with the combination of p = 1 to 16 years and m = 4, 2, 1, 1/2, 1/4, 1/8 and 1/16. Stochastic size str ucture was also calculated by calculating size structure for each year of 100,000-year projections of population and averaging them.
RESULTS
Vital rates
Survival of seedling during the first year after dispersal was very low: only 8.1% of the seeds survived. There was no visual evidence (ex., a bite scar, etc) of seed or seedling predation by mammals. Seedlings also showed high mor tality; 53.7% year -1 in the second year after dispersal. Mortality rates strongly dropped at larger size classes, being always lower than 4% (those for sapling-1, s a p l i n g -2 , a n d p o l e -1 w e r e 3 . 2 % , 1 . 5 % a n d 1 . Seedling height growth rates of this species were very high; maximum growth rates often amounted over 40 cm per year (Fig. 1) . Height growth rates were highly variable within a size class and did not distribute normally in each size class with many slow growers and a few fast growers. Because of this non-normality, we used a median value of height growth rates rather than mean value for the parameterization of the transition matrix (i.e., g j for size classes ≤ pole-1). Note that this might ignore fast growers in gaps and thus underestimate g j . Diameter growth of trees was shown in Fig. 2 . Diameter growth increased from low value for small trees, peaked at ca 25 cm dbh, and was gradually reduced at higher dbh values. For the parameterization of the transition matrix, a median value of dbh growth rates was used.
Matrix analysis
The deterministic structure that was produced by the transition matrix with p = 1 (A f ) resembled the observed size structure well (Fig. 3) . The Keyfitz , s ∆ between the two size distributions was only 0.105, indicating that differences between the two size structures were ver y small, in spite of the very small dataset of our study as well as the time-varying character of the regeneration in this species. The stochastic size structures showed a large variance in relative frequency within a size class in each case of the time-var ying matrix models. This variance was especially large in for small size categories.
The relative proportion of seedlings in the stochastic stage structure was low for stochastic models with high p.
Deterministic population growth rate ( ) for a situation with annual fruiting (A f ) was 1.012. We also calculated the hypothetical case of a population that is not Annual dbh growth rate (cm yr -1 ) pole 2 mature 1-3 mature 6-7 premature 1-2 mature 4-5
Relative frequency
Size class a; observed b; p = 1 c; p = 2 d; p = 4 e; p = 8 f; p = 16 Population growth rates decrease as fr uiting inter vals increase, if m was kept constant (Fig. 4) . For example, when we focus on the model with the same magnitude of seed production as the observed value for 1993 (m = 1), the value of S decreased from 1.012 to 1.002 when p increased from 1 to 16 year. This analysis suggests that our study species requires fruiting years ever y 16 years in order to sustain populations, when assuming that trees seed production during fruiting is similar to that observed in 1993.
As expected, S decreased with fruiting inter vals even in the case that seed production during a fruiting event is proportional to the length of fruiting inter val ( Fig. 4) . But this decrease was slow, and as a result, the difference in the value of S among models with various fruiting intervals (p) was subtle. For example, S for the model with m = 1/4 and p = 1, that with m = 1/2 and p = 2, that with m = 1 and p = 4, that with m = 2 and p = 8 and that with m = 4 and p = 16 were very similar: 1.006614, 1.006613, 1.006612, 1.006610, and 1.00603, respectively. This implies that the irregularity of fruit production hardly affects population growth rate as long as seed production during fruiting events is proportional to the length of fruiting interval. Figure 5 shows the stochastic elasticity values for S for the model with p = 1.0 and m = 1.0 (A f ). Stochastic elasticity analysis showed that stasis elements (those elements that contain the probability that individuals stay in the same category) were the most important for S , followed by progression elements. Fecundity elements were much less impor tant (lower elasticity) than progression and stasis elements. This trend of stochastic elasticity values over matrix elements was almost identical among models with different p (Fig. 6) as well as m (results now shown). But with increasing p, stochastic fruiting interval (year) for Scaphium macropodum in a West Kalimantan tropical rain forest. A dotted line denotes λ S = 1.0. Population growth rates were calculated for various time varying models with different masting interval (p) and magnitude of seed production (m). Fruiting interval of 1, for example, stands for that trees fruit every year, whereas p of 5 stands for that trees fruit once every five years. Magnitude of seed production of 1, for example, stands for that trees produce the same number of seed to observed number in a fruiting event in 1993, while m of 4 stands for that trees produce four times as large number as observed number of seed produced in the fruiting event in 1993. Table 1 .
elasticity values for progression and fecundity elements decreased (Fig. 6) .
In our all time-varying models, stochastic elasticity of progression elements from seed to seedling (= seedling survival for one year after dispersal) was identical to the elasticity of fecundity elements. This means that a given percent increase in fecundity has the same effect on S as the same percent increase in seedling sur vival for one
year after dispersal.
DISCUSSION
Population growth rate and masting inter val
As we had predicted, stochastic population growth rates ( S ) of our study species decreased with the length of the fr uiting inter val (Fig. 4) . This happened under the assumption that the amount of seed produced in a fruiting event keeps constant irrespective of fruiting inter val.
Therefore under this assumption, masting (irregular production of seed large crops) is disadvantageous for sustaining population if compared with annual fruiting.
However even in that case, the rate of decrease in S with increasing fruiting interval was quite low. Consequently, the value of S was still over unity even in the case that fruiting frequency was 16 years. Hence, if seed production during fruiting events is similar to that observed in our study, populations of Scaphium macropodum are projected to survive if fruiting intervals are <16 years. In our study site, Scaphium trees fruited only once in three years from 1992 to 1995. Similarly, congeneric tree species in Jinghong fruited once in 3 to 4 years (Jinhua et al. 1998) .
Although ver y long-term obser vation is apparently necessary to clarify the actual fruiting frequency of this species, these hinted that the fruiting frequency may be 3
to 4 years. To the extent that fruiting frequency is 3 to 4 years, S. macropodum may be able to sustain its population. Fr uiting frequency can be estimated by another way. Scaphium in Sarawak took part in general flowering when many dipterocarp trees flowered (Sakai et al. 1999) . Masting interval for dipterocarp trees in the region was calculated as 5.2 year (for 1950 to 1984, Ashton et al. 1988) . Similarly, Burgess (1972) described that masting occurred every 2 to 6 years in Peninsular
Malaysia. Assuming that S. macropodum has similar fruiting frequency with above repor ts, we can again cautiously conclude that S. macropodum would be able to sustain population in SE Asian tropical rain forests under the current frequency of masting events.
But we need to note that in Borneo, dry episodes of several months with extremely low precipitation occur on a supra-annual base, as an effect of ENSO (The El Niño-Southern Oscillation) (Ropelewski and Halper t 1996 , Walsh and Newbery 1999 , Walsh 1996 . In this dry spells, mortality of trees increased due to drought (Nakagawa et al. 2000) , insect outbreak (Bebber et al. 2002) and forest fires (Van Nieuwstadt and Shiel 2005) . During our research period from 1992 to 1995, the forest did not experience such severe drought. It is very likely that in dr y years the mor tality of S. macropodum increases.
Therefore our conclusion that population of S. macropodum in SE Asian tropical rain forests can be sustained may be on the optimistic side. Information on the impact of severe droughts on sur vival and growth is required to assess the effect of the climatic fluctuations on S .
Theoretically, the value of S decreases with an increase in fruiting inter val even in the case that the amount of seeds produced in a fruiting event increases
proportionally with the length of masting interval. This decrease in population growth is due to the risk that reproductive trees die before the next fruiting event. Our analysis of S indeed showed that S value decreased with fruiting inter val even in the case of the propor tional increase in seed production to the length of fruiting inter val (Fig. 4) . But the dif ference in S among the models with various fruiting inter vals was ver y small.
The fact that the decrease in S with increasing masting inter val was small, suggests that having long fruiting interval has little disadvantage to population growth rate compared with fruiting in ever y year, if tree increases amount of seeds proportionally to the non-fruiting years.
Similar ver y low demographic costs of masting were
shown for a SE Asian tropical dipterocarp tree (Visser et al. 2011) .
The most impor tant vital rates for population growth
Our per turbation analysis showed that fecundity contribr uted little to S compared to for stasis and pr ogr ession. Ther efor e, for the maintenance of population, stasis (survival) and progression (growth) are much more important than fecundity. This distribution of stochastic elasticity values over transition types is commonly found for long lived woody species (Silvertown et al. 1992; Silvertown et al. 1993 ) and may explain the slow decreasing rate of S with increasing fr uiting inter val. Low elasticity of fecundity suggests that the reduction of fecundity due to long fruiting interval does not strongly af fect S . As stasis elements are of paramount importance for S , the high survival of large Scaphium macropodum individuals likely greatly contributed to keep S above unity.
Evaluating the fitness of masting
The predator satiation hypothesis is the most frequently mentioned explanation of the evolution of masting behavior in SE Asian tropical forests. In this study, we have not been able to evaluate whether this hypothesis likely has played a role for our study species: we have not established that more seeds of the species can escape from seed predators during masting year than nonmasting year. There has been empirical support for this hypothesis in field studies. In West Kalimantan, Indonesia only a few percent of community seed production were destroyed by resident vertebrates during a mast event, although all monitored seed were destroyed during a minor mast event (Cur ran and Leighton 2000). In
Peninsular Malaysia, only 11% total Shorea seeds could sur vive during minor mast events, whereas 48% total seeds could do in a mast event (Sun et al. 2007 ). An important question that has not been answered in these studies is: What is the minimum required level of increase in seed and seedling survival to make masting a viable strategy. If seed production is reduced when changing from annual fr uiting to masting, a small increase in seedling survival may not compensate for the d em og rap h ic c o s t o f d ec r e a se d l o ng -te r m se ed production. Namely, both demographic costs and benefits of masting need assessing for the evaluation of the fitness consequence of masting behaviors (Visser et al. 2011) .
Our stochastic matrix analysis showed that elasticity of seedling survival for one year after dispersal was identical to that of fecundity elements (Fig. 5) . Hence, if long-term seed production decreases by a given percentage for a masting species, seedling survival should increase by the same percentage in order to keep population growth rate at the same level. Finally we conclude that to assess the adaptive significance of masting and to verify the predator satiation hypothesis, we must know not only the increase i n s e e d l i n g s u r v i v a l i n f l i c t e d b y m a s t i n g ( i . e . , demographic benefit), but also take into account the demographic costs related to masting. 
